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Effects of Wall Conduction and 
Darcy Number on Laminar Mixed 
Convection in a Horizontal Square 
Porous Channel-
This paper investigates the effects of peripheral wall conduction and Darcy number 
on laminar mixed convection in the fully developed region of a horizontal square 
porous channel with a uniform heat input. Because of the combined effects on 
nonaxisymmetric channel configuration, buoyancy-induced secondary flow, and 
noninfinite wall conduction parameter, the flow and heat transfer characteristics 
are greatly affected by the peripherally nonuniform wall temperature distribution. 
A modified Darcy-Forchheimer-Ergun flow model in the porous medium and a 
finite-difference method are applied. Secondary flow patterns, isotherms, wall tem-
perature distributions, the friction factor, and the Nusselt number are presented for 
a flow in the Darcian porous medium (Da—0) to a pure fluid flow (Da— oo) with 
Kp=10~4-l(f, Gr=0-1010, and Pr=0.1, 0.73, 7.2, and 100. Wall temperature 
distributions and the Nusselt numbers are compared with existing experimental data. 
Introduction 
Transport of momentum and thermal energy in fluid-sat-
urated porous media with low permeability is commonly de-
scribed by using Darcy's model for the conservation of 
momentum and by an energy equation based on the velocity 
field found from this model. Non-Darcian effects, which are 
usually neglected in low-permeability media, have been shown 
to be very significant in media with high permeabilities (Vafai 
and Tien, 1981). To account for the effect of a solid boundary, 
Kaviany (1985) studied the forced convection heat transfer in 
a porous channel bounded by isothermal parallel plates based 
on the Brinkman-extended Darcy model, and Nakayama et 
al. (1988) treated the wall by a constant heat flux and a pe-
ripherally uniform wall temperature. Poulikakos and Renken 
(1987) investigated the effects of flow inertia, variable porosity, 
and solid boundary on forced convective flow through porous 
media between parallel plates or in circular pipes. They found 
that the boundary and inertia effects decrease the Nusselt num-
ber, whereas the effect of flow channelling increases the Nusselt 
number. Furthermore, Prasad et al. (1985) have suggested that 
the effective thermal conductivity should not be the one based 
on stagnant fluid conditions, but should include a contribution 
from convective motion. Similar concepts in forced convective 
heat transfer in a channel have been used by Cheng et al. 
(1988). 
Laminar mixed convection in ducts is encountered in a wide 
variety of engineering situations, including heat exchanger 
without or with a porous medium for viscous fluids in chemical 
reactors, solar collectors, heat pipes, devices for electronic 
cooling, and other industrial applications. In the formal case, 
analyses have been performed via finite-difference schemes in 
the fully developed region of horizontal channels (Cheng and 
Hwang, 1969; Chou and Hwang, 1984). Numerous experi- . 
ments (Morcos and Bergles, 1975; Chou and Hwang, 1987) 
were carried out for the approximate thermal boundary con-
ditions of uniform heat flux or circumferentially uniform wall 
temperature. The latter case, numerical calculation (Islam and 
Nandakumar, 1986, 1988), examined the multiplicity of so-
lutions on laminar mixed convection in horizontal porous 
channel by using the Darcy and Brinkman models with Bous-
sinesq approximation, and the experimental studies in hori-
zontal packed-sphere channels reported by Combarnous and 
Bia (1971) and Lin (1990). 
In many engineering applications, the boundary conditions 
in mixed convection cannot be considered either uniform wall 
temperature or uniform heat flux. Because of the combined 
effects on nonaxisymmetric channel configuration, buoyancy-
induced secondary flow, and noninfinite wall conduction pa-
rameter Kp, flow and heat transfer characteristics are greatly 
affected by the peripherally nonuniform wall temperature dis-
tribution (Hwang and Chou, 1987). Morcos and Bergles (1975) 
and Chou and Hwang (1987) studied the combined free and 
forced laminar convection in horizontal ducts with wall con-
duction as a correlation parameter. 
When the channel is filled with a porous medium, the ef-
fective thermal conductivity and the wall conduction parameter 
Kp = kwt/(k°eDe) are usually greatly affected. Consequently, the 
flow and heat transfer characteristic are varied. According to 
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the authors' best knowledge, the effect of wall conduction on 
convective heat transfer in a porous channel has not been 
reported in the literature yet. The main objective of this study 
is to examine the effects of wall conduction and Darcy number 
on the combined free and forced convection in the hydrody-
namically and thermally fully developed region of a horizontal 
square porous channel. 
Theoretical Analysis 
Consider a steady flow in the hydrodynamically and ther-
mally fully developed region'of a horizontal square porous 
channel under an axially and peripherally uniform heat flux 
qw on the outer surface of the channel wall with a finite wall 
thermal conductivity and wall thickness. The physical config-
uration is shown in Fig. 1. The thermal boundary condition 
can be achieved by electrically heating the channel wall from 
the outer surface. It is assumed that the fluid and the solid 
matrix are in local thermal equilibrium and that the magnitudes 
of the thermophysical properties are constant. Under these 
asumptions and by treating the solid matrix and the fluid as 
a continuum, the local volume averages of the mass, momen-
tum, and energy equation were established by Vafai and Tien 
(1981) for steady, homogeneous porous media: 
Continuity equation: 
V t / i = 0 (1) 
Momentum equation: 
& ( [ / , . V)t/i = 
e 
- V P + - / i / V 2 [ / , + - p / g 
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where / i s the pore velocity unit vector. For a porous medium 
of uniform porosity, the Darcy-Brinkman-Forchheimer model 
is similar to those of Catton (1985), Hsu and Cheng (1990), 
and Kladias and Prasad (1989, 1990). In these studies, the 
conservation equations were obtained by integrating over a 
small volume element containing both solid and fluid regions. 
In Eq. (2) of the present study, Ui represents the local average 
velocity in fluid region only and is defined as Ux = Ud/e, where 
e is the porosity and Ud is the global average velocity including 
both the solid and fluid regions. The averaging process is 
described in detail by Vafai and Tien (1981). 
The present approach using Eq. (2) can be used from Da—0 
(Darcian flow) to Da—oo (pure fluid flow). It is seen that the 
second, fourth, and fifth terms on the right-hand side of Eq. 
(2) are expressions for channel boundary viscous drag, Darcy 
frictional drag, and inertia drag. Note that by keeping the first, 
third, and fourth terms on the right-hand-side of Eq. (2) and 
neglecting the rest of them, the momentum equation reduces 
to that for the familiar Darcian flow. On the other hand, when 
the porosity e = 1 and the permeability K-> oo, Eq. (2) reduces 
to the convectional momentum equation for pure fluid flow. 
The value of permeability K and Forchheimer's constant F can 
be calculated from the Ergun model (Ergun, 1952) for random 
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where d is the mean particle size (i.e., the diameter of the 
beads). For a two-dimensional flow and the Boussinesq fluid, 
the following dimensionless variables are introduced: 
x = X/De, y=Y/De, u=UDe/vf, v=VDe/vf, w=W/~W, 
P = PZ(Z) + p}/(pfD%}'p, and T= Tr+ (qwDe/ke)-6 (5) 
The axial conduction term in the energy Eq. (3) is neglected 
because the thermal boundary condition is axially constant 
heat fluxjbr fully developed flow, i.e., 8T/dZ = dT/dZ = 
4qw/(pjCjeWDe) = const. By using stream function, u = d\p/ 
dy and v = — d\j//dx, and the vorticity, V2^ = - £, the 
dimensionless equations expressing the transport of vorticity, 
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where Da = K/(eL%) = Da ' /e , Gr = (3gqJ)4e/(ijke) = 
Grjik/ke), \v\ = [u2 + v2 + (Rew)2]05, Re = WDe/vf, 
N o m e n c l a t u r e 
a = channel width or height, 
m 
C = a constant defined in Eq. 
(7) 
c = isobaric specific heat, 
J/kgK 
d = characteristic particle 
dimension, m 
Da, Da' = modified Darcy number 
and Darcy number, 
Da = D a 7 e = ̂ /eD2, 
De = hydraulic diameter, a, m 
D, = empirical constant de-
fined in Eq. (20) 
F = a constant defined in Eq. 
(4) 
/ = friction factor = 2rlv/ 
(pW2) 
g = gravitational acceleration, 
m/s2 
Gr = modified Grashof 
number = ^gqJD^/ivfke) 
h = average heat transfer 
coefficient, W/m2K 
/ = pore velocity unit vec-
tor = U\/\UX\, or integer 
K = permeability of saturated 
porous medium, m2 
Kp = wall heat conduction pa-
rameter = kwt/(k°eDe) 
ke = effective thermal conduc-
tivity of porous 
medium = k° + k„ W/mK 
k\ = stagnant thermal conduc-
tivity of porous medium, 
W/mK 
kf = fluid thermal conductivity 
k, = thermal dispersion con-
ductivity of porous me-
dium, W/mK 
m = empirical constant de-
fined in Eq. (20) _ 
Nu = Nusselt number = hDe/ke 
n = dimensionless inward-
drawn normal, or integer 
P, p = pressure and dimension-
less pressure, N/m2 
Pe = particleJPeclet num-
ber = e Wd/(af(\ - e)) 
Pr = modified Prandtl num-
ber = vf/ae 
q„ = wall heat flux per unit 
area, W/m2 
RSLD = Darcy-Rayleigh 
number = Kg/Sq^D1,/ 
{,evfaeke) 
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C = - (dPz/dZ)K/(eiifW), and Pr = Vf/ae = Prfe(kf/ke). It 
is noted that only four parameters, Da, Gr, Re, and Pr, appear 
in Eqs. (6) to (8) by using the modified parameters. Otherwise, 
two more parameters, e and (k/ke), will also be presented. 
Because of symmetry, it is necessary to consider only half 
the region, and the associated boundary conditions are 
3$ di£ 
dx dy 
-=w = 0 on the channel wall 
— = T~J = — = — = £ = 0 along the center plane 
8y ox dx dx 
(9) 
In the present study, the values of the stream function on the 
channel walls and along the center line are taken as zero for 
simplicity. The derivation of thermal boundary condition along 
the channel wall can be found from Shan and London (1978) 
and Hwang and Chou (1987). The dimensionless thermal 
boundary condition is: 
1 + ^ + Kp 
ds2 
i = 0 (10) 
where the subscript T denotes the inside surface of the channel 
wall, n is inward normal, sis the circumference of cross section, 
and Kp = k„t/(k°De) is a parameter indicating the relative 
importance of wall heat conduction and convection in the 
porous channel. A noteworthy result is observed in Eq. (8) 
that the axial conduction term can be neglected under the 
assumptions of axially uniform heat input and thermally fully 
developed condition. Two limiting cases, Kp = 0 and oo, yield 
the boundary conditions of uniform heat flux and uniform 
wall temperature, respectively. The value of Kp in a channel 
flow can be changed by filling the channel with a porous 
medium. For instance, for the case of gas flows in a thick 
metal channel with a relatively small De, Kp is high and the 
thermal boundary condition can be approximated as a uniform 
wall temperature. If the channel is filled with a metal porous 
medium, then k\ increases drastically and the thermal boundary 
condition is changed. A reversed situation can be found in the 
case of molten metal flows in a nonmetal channel filled with 
a nonmetal porous medium. 
Flow and Heat Transfer Characteristics 
The important overall flow and heat transfer characteristics 
in a channel flow are indicated by the friction factor and the 
Nusselt number, respectively. Following the convectional def-
initions, the boundary viscous friction factor and the Nusselt 





ke \TW Tj,)ke 
where TW is the mean wall shear stress and qw is the mean wall 
heat flux. Deriving both the fw and qw from the averages of 
local derivatives, then the product of boundary viscous friction 
factor and the Reynolds number, and the Nusselt number 
become 
/^Re = 2 - (£) 
Nu = v/[w(eK-e)] (12) 
On the other hand, the friction factor and the Nusselt number 
can be also derived from the overall force and energy balances, 
and the results are 
/KRe = ^Da- ' [C-( l+0 .143-Da°-
5 l5 l ) ] 
Nu=l / [w(0 w -0) ] where I til ••[u2+v2 + (Rew)2f5 
(13) 
In addition to the boundary frictional drag, the fully de-
veloped flow through a porous duct experiences also a bulk 
frictional drag induced by the solid matrix (designated as Dar-
cy's pressure drop) and a flow inertia drag induced by the solid 
matrix at high flow rate (designated as Forchheimer's form 
drag). The bulk friction (Darcy) and the inertia (Forchheimer) 
drag coefficient are defined as follows: 
fD = (»fK~
leW) I - \p,wAJ-T*- VRe 
fI=(O.U3,pfK-°-
5eos\Ui\W) pfW 
= -0.143Da--5 l i ; l /Re (14) 
2 -
Nomenclature (cont.) 
Re = Reynolds number = 
WDJvj 
T = temperature, K 
t - thickness of channel wall, 
m 
Ud = global average velocity in-
cluding both the solid and 
fluid regions 
Ux = local average velocity vec-
tor in void volume 
X, Y, Z 
x,y 
0 = 
r, V, W 
U, V, W 
\v\ 
= Vf 'iufUdv 
= local average velocity 
components in X, Y, and 
Z directions, m/s 
= dimensionless velocity 
components in x, y, and z 
directions 
= magnitude of dimension-
less velocity 











thermal diffusivity of po-
rous medium = ke/(epfCf) 
isobaric coefficient of 
thermal expansion of 
fluid, K_ 1 
= porosity- of porous me-
dium 
= dimensionless temperature 
difference = {T-Tr)/ 
(gjie/ke) 
= viscosity of fluid, kg/ms 
= kinematic viscosity of 
fluid, m2/s 
= vorticity 
= density of fluid, kg/m3 
TW = wall shear stress, N/m 














number of iteration 
bulk quantity 
quantity based on fluid 
nodal point 
condition for pure forced 
convection 
along reference line B in 
the channel direction 
condition at wall 
in z direction 
difference 
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Table 1 Numerical experiment for grid size 
Nu 
\ f R e 















































8 : Grid size for presen t numer ica l 
t : Shah and London, 1976 
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Fig. 2 Isotherms and streamlines for Pr = 0.73, Gr = 3x109 , Da = 
1<r6, and Re = 0-103 with (a) Kp = 0.1, (b) Kp = 1, (c)-(d) Kp = 10, 
and (e)-(f)Kp = 10" 
formulation of finite difference Eqs. (6)-(8) and (10) and the 
related boundary condition (9) are omitted here for simplicity. 
In order to have a convergent solution in a higher Gr regime, 
the power-law scheme of Patankar (1980) and a strongly im-
plicit scheme of Lee (1989) were employed. The procedure for 
solving the finite-difference equations is: 
1 Assign values of Da, Pr, Gr, Re, and Kp, and initial 
values for \p, £, w, and 6 in Eqs. (6)-(8) and (10). 
2 New values of the stream function ^ can be found from 
the assigned value of £ at each node. 
3 The velocity components u and v are then computed. 
4 Values of the vorticity on the boundary are calculated 
from the associated boundary conditions for \p. 
5 With the assigned Da, Gr, and Re, and the values of u 
and v from step (4), Eq. (6) can be solved for £. 
6 Give an initial value for the constant C and solve Eq. 




It is noted that the value of C will be unchanged if the 
global continuity equation $\wdXdY/a2 = 1 is satisfied. 
7 Equations (8) and (10) are solved for 6 at interior points 
and along the wall. 
8 Repeat steps (2) to (7) until the criterion of convergence 
for tp, £, w, and 6 is satisfied: 
M a x l F ^ ' - F ^ I / M a x I F ^ ' l ^ l O " 5 (17) 
9 Compute the friction factors and the Nusselt number. 
As shown in Table 1, a numerical experiment was conducted 
to establish the mesh sizes for different parameters. A con-
vergence study of the numerical solution can be also made by 
comparing the data with the known values for pure forced 
convection (Shah and London, 1978) and mixed convection 
(Hwang and Chou, 1987) for the limiting case of pure fluid 
flow Da—oo. It is seen that for grid s ize=50xl00, Gr = 0, 
Da= 104, and Kp- 10"4 the Nusselt number and the product 
of friction factor and the Reynolds number, / R e , are 3.100 
and 14.22, respectively. These values are within 0.65 and 0.07 
percent of the known values Nu = 3.08 and/Re = 14.23 of Shah 
and London (1978) for pure forced convection and peripherally 
uniform wall heat flux. Similarly, for Kp = 104, the Nusselt 
number is 3.611, which also shows a small difference of 0.08 
percent from the known value of 3.608 of Shah and London 
(1978) for the case of uniform wall temperature. For mixed 
convection, Nu a n d / R e are 4.546 and 16.51, respectively, 
which are within 0.2 and 0.4 percent of the known values of 
4.556 and 16.58 of Chou and Hwang (1984) for Gr = 25750 
and peripherally uniform wall temperature. This observation 
confirms the accuracy and convergence properties of the pres-
ent numerical solution. 




2\ = ; C D a " V R e 
(15) 
In the present study, Eqs. (13)-(15) are used. 
Method of Solution 
In order to predict the flow and temperature fields accu-
rately, particularly for low Darcy numbers, a large number of 
nodes are required near the walls. Hence, a coordinate stretch-
ing transformation has been introduced to distribute a rea-
sonably large number of grid points near the walls. Accordingly, 
the x and y coordinates are transformed by using a simple 
algebraic relationship PxPj = PXPN(J- l/N- 1)", for 1<J<N 
and 1 </2<2 (e.g., n = 1, for the case of uniform grid), where 
Pi and PN are the positions of the end points and Pj is the 
position of an intermediate point. The details regarding the 
Results and Discussion 
Effect of Wall Heat Conduction Parameter Kp. To illus-
trate the effect of wall heat conduction parameter, Kp, on the 
secondary flow and temperature fields, streamlines and iso-
therms for the cases of Kp = 0.1, 1, 10, and 104 with Pr = 
0.73, Gr = 3 x 109, Da = 10"6, and Re = 0-103 are shown in 
Figs. 2(a-f). The value of the stream function is set to zero 
along the channel wall and the center symmetry line. The 
maximum absolute value of the stream function may be re-
garded as the intensity of secondary flow. The maximum ab-
solute value of the stream function is 8.147 for Kp = 0.1 and 
is 12.899 in Fig. 2(e) for Kp = 104 for two-vortex patterns. A 
58 percent increase in the maximum value of the stream func-
tion is observed from the latter case to the former case. This 
indicates that the intensity of secondary flow is stronger in the 
case of uniform wall temperature (Kp = 104) than in the case 
of uniform heat flux (Kp = 0.1). Consequently, the temper-
ature difference indicated by - 0 is larger for Kp = 0.1 than 
Journal of Heat Transfer AUGUST 1992, Vol. 114/617 
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Fig. 3 Wall temperature distributions for Pr = 0.73, Da = 10"6, and 
Re = 0-103 with (a) Gr = 0, (6) Gr = 108, and (c) Gr = 109 
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Fig. 4 Wall temperature distributions for glycerol (Pr = 5500, Da--o°) 
and for water (Pr = 7.2, Da = 2 x 10"5) 
for Kp = 104. It is seen from Figs. 2(c-f) that the dual solutions 
of two- and four-vortex flow patterns for Kp are 10 and 104. 
Due to the additional vortex pair formed near the center-
bottom wall in Figs. 2(d) and 2(f), the maximum of —6 is 
larger for the two-vortex than for the four-vortex case. This 
means that the fluid is well mixed by the stronger secondary 
flow motion for the case of four-vortex flow pattern. 
In electronic cooling, the devices can be damaged by the 
highest temperature of the heat sink instead of the average 
one; therefore the temperature distribution along the channel 
wall is of practical interest for a varying wall conduction pa-
rameter Kp. Figures 3 (a, b, c) show the wall temperature 
distributions along the channel wall for the case of Pr = 0.73, 
Da = IO -6 , and Re = 0-103 with Gr = 0, 108, and 109, 
respectively. It is seen that for the case of purely forced con-
vection Gr = 0, the temperature distribution is symmetric with 
respect to the horizontal center line Y = b/2. As the conduction 
parameter Kp increases, the wall temperature distributions be-
come more and more uniform. For the cases of Gr = 108 and 
109, the secondary flow cools off the lower horizontal wall 
CD, and is heated up the vertical side wall BC and the upper 
horizontal wall AB. The location of the highest wall temper-
ature appears at the upper corner B for the case of Gr = 108 
and on the upper horizontal wall for the case of Gr = 109. 
This phenomenon in Figs. 3(a-c) is quite similar to that of 
Hwang and Chou (1987) in the fluid flow through a channel 
without porous materials. In fully developed flows for pure 
flow Da—oo and Darcian flow Da—0, the effect of secondary 
flow introduced by buoyancy force on the wall temperature 
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Fig. 5 fRe versus Da"1 for Gr = 0 with the effect of Re 
In Figs. 4(a) and 4(b), computation for glycerol fluid flow 
was carried out to compare with the experimental data of Chou 
and Hwang (1987) for the same values of Pr, Ra, and Kp. In 
general, the computated data follow those of Chou and Hwang 
(1987) by setting d„ = 0 at point B and using the same di-
mensionless temperature. A percentage rms difference of only 
14 percent is found in both Figs. 4(a) and 4(b) based on the 
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Fig. 6 Nu0 versus Da
 1 for Gr = 0 with the effects of Kp and Re 


























































































n u m e r i c a l data of Hwang and Chou (19B7). 
maximum theoretical wall dimensionless temperature differ-
ence of (A0Jmax = 0.39 in Fig. 4 (a) and 0.28 in Fig. 4(b). In 
Figs. 4(c-e), the computation for water flow in the packed 
glass bead channel was also carried out for comparison with 
the experiment data of Lin (1990) for the same parameters. In 
his report, the test sections were made of 4.75 x 4.75 cm stain-
less and 9.5x9.5 cm aluminum square channels with 2 mm 
wall thickness. The size of the packed glass beads is 5 mm in 
diameter and the stagnant conductivity kae is 0.78 W/m°C. The 
natural convection and flow inertia will promote the flow mix-
ing in the channel cross section. The case in Fig. 4(d) with a 
strong flow inertia Da05 Re = 0.83 and the case in Fig. 4(e) 
with a strong natural convection DaGr = 142 show more 
uniform wall temperature distributions along BA in Figs. 4(d) 
and 4(e) than that for the case shown in Fig. 4(c) with Da°'5Re 
= 0.15 and DaGr = 18. These figures are plotted by setting 
the same mean value of dw and minimizing the rms wall tem-
perature difference between the computed and the experimen-
tal data. Percentage differences are about 20, 13, and 5.9 
percent for Figs. 4(c), 4(d), and 4(e), respectively, based on 
the computed maximum wall temperature difference. The 
agreement is reasonable and the comparison shows the validity 
of the present study. 
Effect of Darcy Number. Figure 5 illustrates the effect of 
Darcy number on the product of friction factor and Reynolds 
number for forced convection in the square porous channel. 
The total friction factor,//-Re, boundary friction factor, fvRe, 
Darcy's friction factor,/DRe, and Forchheimer's friction fac-
tor, //Re, are plotted over the range 10^1<Da"'<106. For 
Da~'<l Darcy's friction factor,/flRe, and Forchheimer's in-
i 1 1 i n i i j — i 1 1 i i i n | — i i 1 t i i i i | — 
Chou and Hwang (1984):(fluid) 
TTTTi] 1 
Ra 
Fig. 8 Nu/Nuo versus Ra for Pr = 0.73 with the effects of Kp and Da 
ertia drag factor, //Re, are almost negligible, and the flow 
behaves just like the Poiseuille flow. It is seen that the value 
of /fjRe exceeds//Re when Da_ 1>2 and exceeds/^Re when 
Da~'>50. As a result, the curve of/ rRe overlaps with the 
lines of//,Re for Da~'>104. The results of parallel plates 
(Nakayama et al., 1988) are also plotted for comparison. A 
similar trend is observed between the data of parallel plates 
and square channel. It is also noted that the curve indicating 
the flow inertia drag/Re was not plotted for the case of parallel 
plates by Nakayama et al. (1988). It is noted that the impor-
tance of buoyancy effect on the flow characteristic is indicated 
by the product of Da and Gr. In the present study, the value 
of DaGr is less than IO4, and /rRe is only 3 percent greater 
than (/rRe)o for pure forced convection. Therefore, the effect 
of buoyancy on the friction factor will not be discussed further 
here. 
Heat Transfer. Figure 6 shows the effects of Kp and Da 
on the Nusselt number for pure forced convection Gr = 0. 
The Nusselt numbers for Re = 10 increase with Da -1 and are 
bounded by the curves of constant wall temperature Kp^co 
and constant wall heat flux Kp^Q. The difference in the Nus-
selt numbers between Kp-' oo and Kp~0 is about 0.5 for Da~' 
= 0.1 and increases to about 1.1 for Da -1 = 10s. When Re 
increases, the increment of Nu decreases as Da~ 'approach IO6. 
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A similar trend is also observed for data of parallel plates 
(Vafai and Kim, 1989; Nakayama et al., 1988). Due to the 
physical configuration of parallel plate channel, these curves 
are valid for Kp = 0~ o°. Table 2 lists the Nu0 of pure forced 
convection for^p = 0-104 and Da= 1 0 - 6 - 104. The fluid data 
are also tabled for comparison. 
The variation of Nu/Nu0 versus Rafl with the effect of Prandtl 
number for Da = 1, 10~2, 10~4, and 10~6, is shown in Fig. 
7. It is pointed out by Cheng et al. (1972) that the Prandtl 
number effect on the fully developed laminar forced convection 
with secondary flow for Pr = 0.7-oo can be correlated simply 
by using the parameter Ra = PrGr. By considering the small 
Darcy number, Eq. (6) can be reduced to 
dd 
DaGr— - £ = 0 
ox (18) 
Furthermore, by using the transformations u = DaGru' and 
v = DaGru', the parameter Ra^ = PrDaGr can be obtained 
readily in energy Eq. (8). It is expected that the solutions for 
small Da with a wide range of Pr will be well correlated by 
employing the parameter Ra^. It is seen that Nu/Nu0 will be 
decreased with the increase in Pr. By using the correlation 
parameter Ra.D, a maximum difference of only 9 percent is 
observed between the curves of Pr = 0.1 and 100, and 18 
percent is observed between the curves for Da = 10"6 and 
10"4. It is expected that the curves obtained with the Darcy 
law will be the same as that for Da = 10~6. 
Figure 8 shows Nu/Nu0 variation with the Rayleigh number 
for Da = 10~6, 10"4, 10~2, and >1 and Kp = 10~3, 10"', 
1, and > 10 for Pr = 0.73. By also considering large Da for 
pure fluid flow, Eq. (6) can be reduced to 
.as d^,d^,^3e (19) 
ox 
U^+% = P+o? + GT-~ 
Furthermore, by using the transformations u = Gru' and v 
= Grv', the parameter Ra =PrGr can be obtained readily in 
energy Eq. (8). It is expected that the solution for large Da 
and Pr will be well correlated by employing the parameter Ra. 
The numerical results of Chou and Hwang (1984) for Pr = 
0.73 and 7.2 with uniform heat flux and circumferential uni-
form wall temperature are also plotted, and they are confirmed 
well with the curves of Da > 1. This figure also shows that dual 
solutions exist when Kp>\, and the Nusselt number ratios of 
this region are all located near the value of 2. 
Due to an adverse temperature gradient in the center region 
near the bottom channel wall, the bifurcation phenomenon 
has been found in either pure fluid flow (Fung et al., 1987; 
Law et al., 1987) or porous medium flow (Islam and Nan-
dakumar, 1986, 1988). In the present study, dual solutions 
have been also obtained for a certain range of Ra regardless 
of the value of Da. The dual solutions of the two-vortex and 
four-vortex flow patterns in a certain range of Ra are due to 
the dependence of initially input flow patterns. When the com-
putation is carried out from lower (higher) value of Ra with 
an initial two-vortex (four-vortex) flow pattern, a two-vortex 
(four-vortex) flow pattern will be obtained in the range of Ra. 
The detailed phenomena of dual solution in porous medium 
were discussed by Islam and Nandakumar (1986, 1988), and 
they pointed out that the Prandtl number does not appear to 
have an influence on the range of Ra for the dual solutions 
existence. This can be also observed in Fig. 7. It is seen from 
Fig. 8 that the curves for KPs 10"3, the solution for circum-
ferential uniform heat flux, lie above the curves for Kp> 10, 
the solution for uniform wall temperature. A maximum dif-
ference of 13 percent is observed at Ra = 109 for Da = 10"6. 
In order to confirm the validty of the present non-Darcy 
solution, Fig. 9 shows the comparison between the numerical 
results and the experimental data of Lin (1990) on mixed con-
vection for packed glass beads saturated with water flowing 
through a square duct. In this figure the values of Nu versus 
RaD are plotted. An asymptotic behavior for small Da is ob-
served. All the curves are bounded between the curve for small 
Da and the value of Nu = 3.458 for Kp = 0.1. The experi-
mental data are correlated by using an effective thermal con-
ductivity ke = k°+k,. The stagnant effective thermal 
conductivity kae of glass beads and water is calculated from the 
empirical formula of Prasad et al. (1989). The dynamic or 
dispersion conductivity k, considers the additional thermal 
transport due to the radial mixing between the solid particles 
(Han et al., 1985; Levee and Carbonell, 1985). The k, can be 
expressed as 
k, = D,Pemkf (20) 
where Pe= {eWd/[af(l -e)] ] is the Peclet number; D, and m 
are empirical constants. The experimental data collapse to a 
single line with a maximum difference of 12 percent by using 
dispersion constants D, =1.5xlO~5 and m = 2.4. A good 
agreement with the present analysis is observed.The global 
thermal dispersion modeling had been successfully correlated 
with experimental data by Han et al. (1985) and Levee and 
Carbonell (1985). The present study employs the same ap-
proach and covers a wide range of Da from 10~6 to 1. If the 
local transverse thermal dispersion model (Hsu and Cheng, 
1990) is used, the solution cannot cover the range of Da from 
10~6 to 1 easily due to additional parameters involved. 
Conclusions 
1 The present results have shown the importance of the 
effects of peripheral wall conduction and Darcy number on 
laminar mixed convection in the hydrodynamically and ther-
mally fully developed region of a horizontal square porous 
channel with a uniform external heat input. Because of the 
combined effects of nonaxisymmetric channel configuration, 
buoyancy-induced secondary flow, and noninfinite wall con-
duction parameter, Kp = kwt/(k^De), the flow and heat trans-
fer characteristics are greatly affected by the peripherally 
nonuniform wall temperature distribution. 
2 The intensity of secondary flow increases with an increase 
in Kp when the values of Pr, Gr, Da, and Re are fixed. For 
instance, a 58 percent increase in the maximum value of the 
stream function is observed from the case of Kp = 0.1 to the 
case of Kp = 104 for Pr = 0.73, Gr = 3x 109, Da = 10"6, 
and Re = 0-103. 
3 In electronic cooling, the devices can be damaged by the 
highest temperature of heat sink instead of the average one; 
therefore the temperature distribution along the channel wall 
is of practical interest for a varying wall conduction parameter 
Kp. The temperature distributions along the channel wall agree 
reasonably well with the experimental data for glycerol fluid 
(Chou and Hwang, 1987) and water-porous medium (Lin, 
1990). 
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4 With the empirical formula of Prasad et al. (1989) for 
stagnant effective thermal conductivity and the thermal dis-
persion model of Han et al. (1985) and Levee and Carbonell 
(1985), the Nu of experimental data (Lin, 1990) collapse to a 
single line with a maximum difference of 12 percent by using 
dispersion constants D, = 1.5 x 10"5 and m = 2.4. A good 
agreement with the present analysis is observed. 
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